The cysteine-rich domain of the haemorrhagic metalloproteinase atrolysin A was shown to inhibit collagen-stimulated platelet aggregation and to interact with MG-63 osteosarcoma cells via integrin α2β1 to inhibit adhesion to collagen I. In addition, we demonstrate by solid-phase binding assays that atrolysin A binds to collagen I and to vWF (von Willebrand factor) via exosites in the cysteine-rich domain. Interestingly, the binding site of the cysteine-rich domain on collagen I is distinct from the cell adhesion site, since the incubation of collagen-I-coated plates with the cysteine-rich domain did not prevent the adhesion of MG-63 cells to collagen. Finally, we show by surface plasmon resonance (BIAcore TM ) analyses that the cysteine-rich domain can block vWF binding to collagen I as well as the binding of collagen I to vWF. Taken together, these results indicate that this domain may function as a cell-surface-receptor-binding site and/or a substrate recognition exosite and may thus play a role in the pathologies associated with atrolysin A.
INTRODUCTION
The distinctive feature of Viperidae snake envenomation is the pronounced local and, in severe cases, systemic haemorrhage resulting from the synergistic action of several toxins in the venom [1] [2] [3] . Viperidae venoms are a rich source of haemorrhagic toxins characterized as zinc metalloproteinases, which are members of the reprolysin subfamily of the M12 family of metalloproteinases [1] . SVMPs (snake venom metalloproteinases) are secreted as preproenzymes and contain additional regulatory modules that are involved in their interactions with the extracellular matrix and integrins [4] . Structurally, they are classified as the following: P-I (SVMPs having a metalloproteinase domain only), P-II (SVMPs being synthesized with a metalloproteinase domain and a disintegrin domain), P-III (SVMPs being synthesized with a metalloproteinase domain, a disintegrin-like domain and a cysteine-rich domain) and P-IV (SVMPs having the P-III domain structure plus lectin-like domains connected by disulphide bonds) [5] . Similar domain structures are found in the members of the ADAM (a disintegrin and metalloproteinase) protein subfamily, which additionally contain an epidermal growth factor-like domain, a transmembrane region and a cytoplasmic tail [6, 7] . The proteinase domain of all classes of the haemorrhagic toxins primarily functions by degrading capillary basement membranes and surrounding stroma to allow the escape of blood from the capillary [8, 9] . The enzymes also degrade blood coagulation proteins, such as fibrinogen, fibrin, and vWF (von Willebrand factor) [10, 11] . Native, as well as recombinant, disintegrinlike/cysteine-rich domains of haemorrhagic toxins have been shown to be potent inhibitors of collagen-induced platelet aggregation by blocking collagen binding to integrin α2β1 on platelets [12] [13] [14] . Therefore the haemorrhage caused by SVMPs is believed to be the result of the synergistic effect of proteolytic degradation of capillary basement membranes and plasma proteins, and of inhibition of platelet aggregation [3] .
Collagens, in particular types I, III and VI, are important platelet activators in the vascular subendothelium and vessel wall. Several collagen-binding proteins are expressed on the platelet surface that may mediate collagen-induced platelet activation and/or platelet adhesion under flow, including integrin α2β1 and glycoprotein VI [15] . Plasma vWF is a multimeric protein that mediates adhesion of platelets to sites of vascular injury and thrombus formation. It functions by linking subendothelial collagen with glycoproteins Ib-IX-V receptor complex on platelets [16] . The A3 domain of vWF contains the major binding site for collagens I and III [17, 18] . Structural studies on the vWF A3 domain showed that it assumes the same fold as the α2-I domain, but binding of A3 to collagen does not require a metal ion [18] [19] [20] . Owing to the multidomain composition of the P-III haemorrhagic toxins and the different mechanisms of platelet aggregation, and hence inhibition, it is conceivable that these toxins could have more than one site of interaction with the platelets by which inhibition could occur. The multidomain venom toxins, P-II and P-III, are typically one or two orders of magnitude more potent than P-I toxins, suggesting a role for the disintegrin-like and cysteine-rich domains in haemorrhage production. It is considered that the nonproteinase domains would have an anticoagulant effect, resulting in a synergism of haemorrhage production with the degradation of capillary basement membranes. One of the mechanisms by which P-III toxins may act in promoting haemorrhage is by inhibiting platelet aggregation. It was first shown by Zhou et al. [21] that catrocollastatin, a P-III metalloproteinase from the venom of Crotalus atrox, was able to inhibit platelet aggregation and adhesion to collagen. In addition, crovidisin, another P-III toxin from the venom of Crotalus viridis, was shown to be able to prevent platelet-collagen interaction [22] . At the same time, the Abbreviations used: A/C, recombinant cysteine-rich domain of atrolysin A produced in Sf9 cells; A/C-e, recombinant cysteine-rich domain of atrolysin A produced in Escherichia coli; A/DC, recombinant disintegrin-like/cysteine-rich domain of atrolysin A produced in Sf9 cells; ADAM, a disintegrin and metalloproteinase; ADAMTS, ADAM with thrombospondin motifs; HRP, horseradish peroxidase; SVMP, snake venom metalloproteinase; vWF, von Willebrand factor. 1 To whom correspondence should be addressed (email solangeserrano@butantan.gov.br).
cleavage and consequent disruption of vWF structure by P-III toxins such as jararhagin and kaouthiagin could also contribute to the bleeding observed upon envenomation [3, 11] . However, it is not yet known which of the non-proteinase domains is responsible for directing the P-III toxins to their plasma and cell-surface targets.
Until recently, little consideration had been given to a functional role for the highly conserved cysteine-rich domain of the P-III haemorrhagic toxins. As for the ADAMs, not much is known about the function of the cysteine-rich domain, and, in general, it is believed that the cysteine-rich domain complements the binding capacity of the disintegrin domain, and perhaps imparts specificity to disintegrin-domain-mediated interactions [23] . Previously, we have shown that the recombinant cysteine-rich domain of atrolysin A, a P-III metalloproteinase from C. atrox venom, can function as a potent inhibitor of collagen-but not ADP-stimulated platelet aggregation and that it was able to inhibit the osteosarcoma cell line MG-63 adhesion to collagen I [24] . A recent study supported these observations by the demonstration of two peptide sequences derived from the homologous cysteine-rich domains of atrolysin A and jararhagin that interfere with interaction of platelets and other cells with collagen [25] . In order to define further the role of the cysteine-rich domain as an exosite of the multidomain metalloproteinases that is involved in the interaction of these toxins with their specific targets, we have demonstrated the ability of atrolysin A, and its recombinant disintegrin-like/cysteine-rich and cysteine-rich domains, to bind directly to collagen I and to vWF and thereby disrupt various functional aspects of those proteins.
EXPERIMENTAL

Binding proteins
Atrolysin A [26] , atrolysin C [27] , catrocollastatin C [13] , jararhagin [28] (a gift from Dr A. M. Moura-da-Silva), A/DC (recombinant disintegrin-like/cysteine-rich domain of atrolysin A produced in Sf9 cells) [12] and A/C (recombinant cysteine-rich domain of atrolysin A produced in Sf9 cells) [24] were obtained as described previously. A cDNA fragment coding for residues 301-413 of atrolysin A was amplified by PCR from the plasmid pMbacA/C [24] and was subcloned into the pET102/D-TOPO ® bacterial expression vector (Invitrogen). The two oligonucleotides used for PCR were 5 -CA-CCCTACACAACTTCGGTTAC-3 (forward primer) and 5 -GG-TTGATTTGTAGGCTG-3 (reverse primer). The forward primer included a CACC sequence that was necessary for directional cloning into pET102/D-TOPO ® expression vector into which the 343-bp PCR product was directly subcloned. One Shot ® TOP10 E. coli competent cells were transformed with the resulting plasmid (pET102/D-A/C-e), and colonies were restricted with PstI. Plasmids were sequenced on both strands to ensure that the coding sequence was correct.
Production of A/C-e in E. coli
BL21 Star
TM (DE3) E. coli cells (Invitrogen) were transformed by heat shock with the plasmid pET102/D-A/C-e, according to the manufacturer's instructions and were grown overnight at 37
• C. Then bacterial cells were inoculated in LB (Luria-Bertani) medium containing 100 µg · ml −1 ampicillin and grown at 37
• C to a cell density (D 600 ) of 0.5-0.8. The expression of recombinant proteins was induced by adding 1 mM IPTG (isopropyl β-Dthiogalactoside), and incubation was continued for 3 h at 37
• C. The cell pellet was lysed by sonication in lysis buffer [50 mM potassium phosphate, pH 7.8, 400 mM NaCl, 100 mM KCl, 10 % (v/v) glycerol, 0.5 % (v/v) Triton X-100, 0.1 mg/ml lysozyme, 10 mM imidazole and 1 mM PMSF], and the resulting suspension was centrifuged at 10 000 g for 30 min at 4
• C. The supernatant from the centrifugation step was dialysed against binding buffer (0.05 M Tris/HCl, pH 8.0, and 0.15 M NaCl) followed by a final centrifugation step of 10 000 g for 30 min. The soluble fraction was then applied on to a Talon ® metal affinity column (Clontech), 1 cm × 10 cm, equilibrated with binding buffer. The column was washed exhaustively with binding buffer, and then bound proteins were eluted with binding buffer containing 0.15 M imidazole. Fractions from the chelating chromatography were submitted to SDS/PAGE and Western blot analysis.
Reduction and alkylation of A/C-e protein
A/C-e (0.4 nmol) was incubated in 0.25 M Tris/HCl buffer, pH 8.5, 8 M guanidinium chloride, 5 mM EDTA and 7 mM dithiothreitol at 37
• C for 90 min. Iodoacetamide was added to the mixture to a final concentration of 20 mM and the incubation was continued for 20 min in the dark [29] . After adding dithiothreitol to a final concentration of 13 nM, alkylated A/C-e was desalted by HPLC using a Zorbax SB300-C3 (2.1 mm × 150 mm) column at 55
• C. Elution was performed with 20 % acetonitrile in 0.1 % trifluoroacetic acid for 5 min, followed by a gradient of 20-90 % acetonitrile in 0.1 % trifluoroacetic acid over 45 min at a flow rate of 0.2 ml/min. The effluent was monitored at 215 nm.
Solid-phase binding assays
Assays with one ligand adsorbed to plastic microtitre wells were carried out according to established ELISA-type protocols. Microtitre plates (96-well) were coated with 10 µg/ml rat skin collagen I (a gift from Dr Gary Balian, University of Virginia) or human vWF (a gift from Dr Adrian Gear, University of Virginia) in carbonate buffer, pH 9.6, for 16 h and then blocked with PBS/Tween 20 containing 2 % (w/v) BSA. The plates were incubated further with atrolysin A, or A/DC or A/C, for 2 h at room temperature (25 • C). Primary antibody [1:1000 anti-(atrolysin A) from mouse polyascites fluid] was added to the plates and incubated for 90 min, followed by incubation with the second antibody for 1 h [1:4000 anti-(mouse IgG)-HRP (horseradish peroxidase)]. After washing with PBS/Tween 20, HRP was determined with ABTS [2,2 -azinobis-(3-ethylbenzothiazoline-6-sulphonic acid)] as a substrate and the A 414 was measured using a microtitre plate reader.
For the competition assay by A/C for atrolysin A binding to collagen I plates were coated with collagen I (10 µg/ml) and incubated with increasing concentrations of A/C protein for 1.5 h at room temperature. The plates were washed three times with PBS and then incubated with 1.0 µg of atrolysin A/well for 1 h followed by five washes with PBS. The primary antibody used was polyclonal mouse anti-(atrolysin E) (1:3000), which recognizes the proteinase domain of atrolysin A, but not the cysteine-rich domain [30] . The goat anti-mouse IgG-HRP conjugate was used as the secondary antibody for colour development.
Cell adhesion assays
Microtitre plates (96-well) were coated with 100 µl/well of 10 µg/ ml rat skin collagen I at 4
• C overnight. The coated wells were washed with PBS and then blocked with PBS containing 1 % (w/v) BSA at room temperature for 60 min. The plates were washed three times with PBS and then incubated with increasing concentrations of A/C for 2 h at room temperature. The wells were washed five times with PBS and then incubated with 10 5 MG-63 cells/well for 1 h. As a positive control for β1 integrin-directed adhesion, cells were also incubated with the anti-β1 subunit function blocking monoclonal antibody mAb13 (Becton Dickinson) and added to collagen-I-coated wells that were incubated with the A/C protein. The wells were washed five times with PBS, and the adherent cells were fixed with 10 % (w/v) formaldehyde in PBS. The bound cells were stained with 2 % (w/v) Crystal Violet for 30 min [31] . The unbound dye was washed from the plates, and the stained cells were lysed with 1 % (w/v) SDS for 60 min, and the A 595 of the wells was measured using a microtitre plate reader.
Surface plasmon resonance assays
Interactions were studied by surface plasmon resonance using the BIAcore TM 3000 system, at 25 • C. Native calf skin type I collagen (IBFB, Leipzig, Germany) was covalently immobilized on the BIAcore TM CM-5 sensorchip (carboxylated dextran matrix) according to the manufacturer's instructions. Briefly, the CM-5 chip was activated with a 1:1 mixture of 75 mg/ml EDC [1-ethyl-3-(3-dimethylaminopropyl)carbodi-imide] and 11.5 mg/ml NHS (N-hydroxysuccinimide) for 7 min. Type I collagen (200 µg/ml in 10 mM sodium citrate, pH 4.0) was injected over the CM-5 chip for 7 min at a flow rate of 10 µl/min, at 4
• C. Remaining active groups on the matrix were blocked with 1 M ethanolamine/ HCl, pH 8.5. Immobilization of type I collagen on a CM-5 sensorchip resulted in a surface concentration of 3.9 ng/mm 2 . vWF was immobilized by injecting the protein (10 µg/ml in 10 mM sodium citrate, pH 4.5) over the CM-5 chip for 7 min at a flow rate of 5 µl/min, at 4
• C, resulting in a surface concentration of 12.5 ng/mm 2 . Protein solutions of atrolysin A, atrolysin C, catrocollastatin C and A/C-e (0.25-5.0 µM) and jararhagin (0.0375-0.3 µM) were prepared in HBS-EP buffer [10 mM Hepes, pH 7.4, 150 mM NaCl, 3.4 mM EDTA and 0.005 % (v/v) surfactant P20; BIAcore TM ] and were injected at a flow rate of 50 µl/min. The non-linear fitting of association and dissociation curves according to a 1:1 model was used for the calculation of kinetic constants (BIAevaluation software, version 3.1). Individual experiments were performed six times.
Analytical procedures
SDS/PAGE (12 % polyacrylamide) was performed according to Laemmli [32] . Western blot analysis was performed according to the method of Burnette [33] . The primary antibody was a polyclonal antibody generated in mice against native atrolysin A as described previously [12] . The secondary antibody was goat anti-mouse IgG conjugated with HRP (Promega). DNA sequence analysis was performed on a PerkinElmer Prizm DNA sequencer in the University of Virginia Biomolecular Research Facility following the manufacturer's instructions.
RESULTS
Recombinant proteins
In the present study, we used A/DC [12] and A/C [24] for the cell adhesion and solid-phase binding assays. For those studies which required significant amounts of recombinant protein, an additional heterologous expression system was developed using E. coli (A/Ce). The amino acid sequence of A/C-e protein in fusion with Hispatch thioredoxin is shown in Figure 1 . The chromatography (not shown) of 500 ml of culture from pET102/D-A/C-e-transformed BL21 Star TM (DE3) E. coli cells on Talon ® metal affinity column typically yielded 2 mg of (His-patch thioredoxin)-A/C-e protein. SDS/PAGE and Western blot analysis of affinity-purified fusion protein showed that the (His-patch thioredoxin)-cysteinerich protein was essentially homogeneous (Figure 1 ). This protein was used in the kinetic measurements by surface plasmon resonance.
Solid-phase binding assays to examine the interaction of atrolysin A domains with collagen I and vWF
Our aim with these studies was to investigate further the role of the cysteine-rich domain in the interaction of P-III haemorrhagic toxins with adhesion proteins. To analyse the interaction between atrolysin A domains and adhesion proteins collagen I and vWF in a cell-free system, solid-phase binding assays were performed. As seen in Figures 2(A)-2(C) , the proteins bound to immobilized collagen I in a concentration-dependent fashion: atrolysin A binding was at nanomolar concentrations, whereas, for A/DC and A/C, micromolar concentrations were used. These data indicate that the cysteine-rich domain alone is capable of interacting with collagen I. To demonstrate that the binding of atrolysin A to collagen I is through its cysteine-rich domain, and not the proteinase or disintegrin-like domains, a competition assay by A/C-protein for atrolysin A binding to collagen-I-coated wells was performed. From Figure 2(D) , it can be seen that prebinding of A/C-protein to collagen I blocks subsequent binding of atrolysin A, indicating that atrolysin A binds collagen solely through its cysteine-rich domain.
We also investigated the ability of A/DC and A/C to bind to vWF. In Figures 2(E) and 2(F), it can be seen that the binding of A/DC and A/C to vWF at micromolar concentrations occurred in a dose-dependent fashion. These results corroborate the fact that the cysteine-rich domain alone is able to bind to adhesion proteins. 
Cell adhesion assay
Previous studies have shown a concentration-dependent inhibition of cell adhesion to collagen I when the recombinant cysteine-rich domain of atrolysin A was pre-incubated with MG-63 cells before their incubation with immobilized collagen I. This is indicative of an interaction of A/C with integrin α2β1 on the cells [24] . Considering that the cysteine-rich domain is able to bind to collagen I, we decided to determine whether the presence of the cysteine-rich domain bound to collagen I could block the binding of the osteosarcoma cell line MG-63. In this study, we incubated collagen-I-coated plates with A/C before adding the MG-63 cells and verified that the presence of the cysteine-rich domain bound to collagen I did not prevent the adhesion of MG-63 cells (Figure 3) . These results suggest that there are distinct sites on collagen I which support the binding of the cysteine-rich domain and MG-63 cells respectively.
Interactions studied by surface plasmon resonance
We next examined the collagen-I-binding kinetics of SVMPs by surface plasmon resonance using a sensor chip on which native calf skin type I collagen had been immobilized. In these experiments, we used A/C-e in fusion with His-patch thioredoxin. Kinetic evaluation of the interaction of full-length atrolysin A, and jararhagin, a P-III metalloproteinase isolated from Bothrops jararaca venom, with collagen I according to a 1:1 model ( Figures 4A and 4B respectively) showed a high-affinity binding, as indicated by the high association rates and the low dissociation rates, which gave equilibrium dissociation constants (K d ) of 117 and 21.6 nM respectively ( Table 1) . The A/C-e protein showed a similar dissociation constant (K d ) of 72.6 nM ( Figure 4D and Table 1 ), while, for catrocollastatin C, a disintegrin-like/cysteinerich protein isolated from C. atrox venom, a K d value of 777 nM was obtained ( Figure 4C and Table 1 ). Injections of atrolysin C, a P-I metalloproteinase isolated from the venom of C. atrox, on the collagen I sensor chip gave a very low signal, from which a K d value of 509 µM was calculated (Table 1) . His-patch thioredoxin expressed and purified under the same conditions as A/C-e did not bind to the collagen I sensor chip (results not shown). We next examined the specificity of binding of the cysteine-rich domain to both collagen I and vWF immobilized on sensor chips. Figure 5 shows the interaction of the cysteine-rich domain at 33 nM (A/C-e) to collagen I ( Figure 5A ) and to vWF ( Figure 5B ) in the BIAcore TM 3000 system. Reduction and alkylation of the disulphide bonds of A/C-e (treated A/C-e) abolished the binding both to collagen I and to vWF, showing that the interaction of the cysteine-rich domain with adhesion proteins is specific and dependent on its tertiary structure.
We also analysed the direct interaction of vWF to immobilized collagen I via surface plasmon resonance, from which a K d value of 2.74 × 10 −10 M was calculated (results not shown). To test whether the cysteine-rich domain could interfere with the binding between vWF and collagen I, we saturated both proteins with A/C-e (450 nM) and verified that they no longer bound to each other, indicating that the cysteine-rich domain occupies site(s) on collagen I and vWF that are important for the interaction of these proteins (Figures 6 and 7) .
DISCUSSION
Platelet adhesion to damaged vessel walls is the first step in the formation of an occluding platelet plug during normal haemostasis. The role of vWF in blocking haemorrhage is centred on its ability to function as an adhesive molecule that brings together platelets and components of the extracellular matrix or other platelets [34] . Collagens I and III act as binding sites for vWF in the perivascular connective tissue and collagen IV in the subendothelial matrix [19] . Integrin α2β1 is the major human collagen adhesion receptor, which is expressed on a variety of cell types [35] . Platelet activation and aggregation by collagen depend on the co-operative action of α2β1 and glycoprotein VI [36] . Peptides containing both disintegrin-like and cysteine-rich domains of P-III metalloproteinases, purified from the venoms of B. jararaca and C. atrox or expressed as recombinant proteins, were shown to inhibit collagen-induced platelet aggregation by interacting with integrin α2β1, thereby blocking collagen binding and its subsequent cell-surfacereceptor-mediated signaling [12, 13, 37] . On the other hand, Zhou et al. [38] have shown that catrocollastatin exerts its effect on platelet-collagen adhesion by binding to collagen apparently via its disintegrin-like domain. Moreover, recently, the recombinant disintegrin-like domain of a metalloproteinase from Gloydius halys was shown to inhibit platelet aggregation by suppressing platelet adhesion to collagen [39] .
We have shown that the cysteine-rich domain of atrolysin A is able to inhibit collagen-induced platelet aggregation [24] . This suggests that the cysteine-rich domain may serve to localize the haemorrhagic toxin to the sub-endothelial matrix by interacting with integrin α2β1 and/or collagen. Several lines of evidence from the present study indicate that the cysteine-rich domain alone is able to interact with integrin α2β1, collagen I and vWF. We have demonstrated using a solid-phase binding assay and using surface plasmon resonance that different proteins containing the cysteinerich domain, e.g. the full-length P-III haemorrhagic toxins atrolysin A and jararhagin, as well as the recombinant protein corresponding to the disintegrin-like/cysteine-rich domains of atrolysin A (A/DC) and the recombinant cysteine-rich domain of atrolysin A (A/C and A/C-e), bind to collagen I in a dosedependent fashion (Figures 2 and 4) . Moreover, the binding of the cysteine-rich domain to collagen I was shown to be specific, since its pre-binding to collagen I blocked subsequent binding of atrolysin A (Figure 2 ). The binding of the recombinant proteins A/DC and A/C to vWF confirmed the ability of the cysteine-rich domain of atrolysin A to interact with adhesion proteins that are important for platelet function (Figure 2 ). It is interesting to note that the A3 domain of vWF, which contains the major collagenbinding site, resembles the α2 I-domain [40] .
In a previous study, we demonstrated that the cysteine-rich domain is able to prevent the adhesion of MG-63 osteosarcoma cells to collagen I via α2β1 [24] . Our present results showing that these cells are able to bind to collagen-I coated plates that were incubated previously with the recombinant cysteine-rich domain indicate that distinct sites on collagen I support the binding of both the cysteine-rich domain and MG-63 cells via α2β1 (Figure 3) .
The cysteine-rich domain specifically bound to collagen I and to vWF, since reduction and alkylation of the protein abolished its ability to interact with these proteins ( Figure 5 ). The cysteinerich domain not only bound directly to vWF and collagen I, but also blocked the collagen-vWF interaction (Figures 6 and 7 ). The conclusion is that either the cysteine-rich domain binding to vWF blocks the collagen site on vWF or the binding of the cysteine-rich domain to collagen blocks the site on collagen for binding vWF. Functionally, this would be expected to prevent the activation of vWF and hence further inhibit platelet aggregation. The participation of the cysteine-rich domain in the binding of kaouthiagin, a P-III metalloproteinase from the venom of Naja kaouthia, to vWF has been demonstrated [41] . These authors showed that the treatment of the metalloproteinase with ophenanthroline did not interfere with the binding of kaouthiagin to vWF, while incubation with CNBr, which cleaved the cysteinerich domain at two sites, completely abolished the binding ability of kaouthiagin, indicating a role for this domain in the interaction of kaouthiagin with vWF.
Our results clearly show the ability of the cysteine-rich domain of atrolysin A to interact with collagen, integrin α2β1 and vWF. Therefore we hypothesize that the cysteine-rich domain has distinct sites for the interaction with collagen I and α2β1/vWF. Likewise, collagen I contains distinct sites that support the binding of the cysteine-rich domain and the cell-surface integrin α2β1 or vWF. According to this hypothesis, it is suggested that the cysteine-rich domain and collagen I have a common site to bind α2β1 or vWF. This implies that the cysteine-rich domain could mimic collagen I in binding to integrin α2β1. In fact, it has been recently shown that jararhagin, a P-III haemorrhagic toxin containing metalloproteinase, disintegrin-like and cysteine-rich domains, functions as a collagen-mimetic substrate that binds to and activates integrins in fibroblasts [42] . Moreover, inactivation of the metalloproteinase domain had no effect on this property of jararhagin, therefore it is likely that the proteinase domain does not play a significant role in this activity. The cysteine-rich domain of members of the ADAM and ADAMTS (ADAM with thrombospondin motifs) families have been demonstrated to bind to various receptors [23] . For example, the cysteine-rich (and perhaps also the disintegrin) domain of ADAM12 promotes the adhesion of fibroblasts and myoblasts [43] . Also, the disintegrin and cysteine-rich domains of ADAM13 bind both to fibronectin and to β1-containing integrin receptors, and binding can be inhibited with antibodies against the cysteine-rich domain [44] . In another case, the cysteine-rich/spacer domains of ADAMTS-13 were shown to be essential for its vWF cleaving activity [45] .
In the present study, we show that the cysteine-rich domain of atrolysin A is able to block vWF binding to collagen I. Taken together, these results underscore additional mechanisms by which the cysteine-rich domain of P-III haemorrhagic toxins may interfere with adhesion of platelets at the site of envenoming, and they indicate a multifunctional role for the cysteine-rich domains of class P-III haemorrhagic toxins in the coagulopathies associated with crotalid and viperid envenoming. 
